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I. INTRODUCTION

Structures Directorate, Composite Structures and Materials Function, per-
formed a material analysis on the PERSHING II (PII) Reentry Vehicle (RV) con-
trol ring casting, APN 11502352-3. Basically, the objective of the analysis
was to evaluate RV control rings with reported low mechanical properties. The
RV control ring is manufactured by Hemet Casting Company, Hemet, CA. Due to
the falsification of Hemet quality control tensile tests data between 1982 and
1985, approximately 55 RV control rings with below specification tensile prop-
erties were issued Certificates of Compliance and allowed to be installed into
PII missile assemblies. Martin Marietta Corporation performed a study of
these falsified tensile test data (1] and reported corrected tensile proper-
ties of some RV control rings as low as 31.4 ksi (216 HPa) ultimate strength,
22.9 ksi (158 MPa) yield strength, and 1 percent elongation. The RV control
ring is specified to be fabricated from A356, Class 10 aluminum casting alloy
per MIL-A-21180. After appropriate solution heat treatment and artificial
aging (A356-T6), the RV control ring is required to have the minimum tensile
properties of 38 ksi (262 NPa) ultimate strength, 28 ksi (193 MPa) yield
strength, and 5 percent elongation. A RV control ring is shown in Figures 1
and 2.

II. APPROACH

Of major concern in this analysis was the lack of ductility (low percent
elongation) which was documented for several RV control ring castings. It was
shown in [11 that RV rings with reduced mechanical properties of yield and
ultimate strength were still capable of performing their intended mission.
However, elongation is a property which indicates the toughness of the mate-
rial. Since the RV control ring is an aluminum casting with inherent lower
toughness and percent elongation than wrought aluminum alloys of the same
strength level, a serious loss of toughness would make the RV ring less tol-
erant of stress risers, flaws, and random, unexpected loads. Therefore, to
quantify the loss of properties which could occur from below specification
strength and elongation properties, a comparative analysis was performed on
two RV control rings, i.e., one RV ring with proper percent elongation and one
RV ring with below specification percent elongation. The received RV control
rings had the following reported properties:

SN/10253 / SN 60428 *
ultimate strength 37.7 ksi (232.4 MPa) 38 kai (262 MPa)
yield strength 29.3 ksi (202 MPa ) 28 ksi (193 MPa)
% elongation x 2.5 5

/ As reported properties per [1]
As reported properties per Certificate of Compliance

x I in. gage length used, 0.250 in. diameter tensile coupons

The comparative analysis consisted of the following:

A. Mechanical Property Tests
B. Fracture Toughness Tests
C. Critical Flaw Size Analysis
D. Microstructural Examination
E. Fractography

I



Figure 1. Side view of a PH1 RV control ring.
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Figure 2. Top view of a PII RV control ring. Note the four jet

vane ports (1) and the four web sections (2).
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Additionally, 179 broken tensile coupons from Hemet Casting Company were
received for analysis. These samples were a portion of the actual tensile
test coupons used for mechanical property evaluation (quality control) of the
RV control rings. An analysis was performed to determine the major differ-
ences between tensile coupons with low and high percent elongation.

III. EXPERIMENTAL RESULTS

A. Mechanical Property Tests - RV Control Rings

1. Tensile Tests

To establish the nominal tensile strength properties of each RV
control ring, twelve tensile specimens were fabricated from the web sections
of each RV control ring, Figures 2 and 3. Though the web section has a nomi-
nal thickness of only 0.10 in. (2.54 mm), it was judged to be the best avail-
able area for tensile specimens since the thicker jet vane port sections were
allocated for fracture toughness specimens. No significant differences in
tensile properties or percent elongation were found between the two RV control
rings. Neither RV ring had an average ultimate strength equal to the required
38 ksi (262 Mpa) level. Results are shown in Tables 1 and 2.

2. Stress Concentration Tests

To evaluate the effect of stress risers on the ultimate tensile
strength of each RV ring, stress concentration tensile tests were performed.
The stress concentration specimen was identical to the 2 in. gage length ten-
sile specimens (Figure 3) except a 0.062-in. (1.6 mm) diameter hole was dril-
led (through thickness) at the center of the gage length. In theory, a stress
concentration factor as high as 3.00 could be produced at a small hole in a
stressed plate of infinite width [2]. Therefore, when subjected to high
stress concentrations, a brittle material would be expected to fail at a lower
ultimate tensile strength than would occur if tested in a standard or normal
tensile test. Eight stress concentration specimens were tested from each RV
control ring. No significant differences were found. Results are shown in
Tables 1 and 2.

3. Percent Elongation

Since all previous reported elongation data for the RV control
rings has been generated from 1 in. gage length tensile samples, gage marks of
1 in. (25.4 mm) and 2 in. (50.8 mm) lengths were placed on all tensile samples
and stress concentration samples. This would allow these results to be com-
pared with existing 1 in. gage length percent elongation data. In addition,
the elongation of the stress concentration tests is reported as a comparative
value and is intended to reflect the degree of ductility resulting from this
particular test only. No significant differences in elongation were found
between RV control rings SN 10253 and SN 60428. RV ring SN 10253 had an aver-
age elongation of 5.4 percent; not 2.5 percent as indicated by Hemet tensile
coupon tests.
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4. Fracture Toughness Tests

In order to adequately characterize the toughness of the two RV
control rings, fracture toughness specimens (Figure 4) were fabricated from
the thickest sections around the jet vane ports. A total of 14 specimens were
tested; 8 from RV ring SN 60428 and 6 from RV ring SN 10253. ASTM E399 test
methods for KIC fracture toughness determination were followed. A typical
fracture toughness specimen before and after testing can be seen in Figures 5
and 6. Results of the tests are shown in Table 3. Again, the results indi-
cate that the two examined RV control rings are equivalent, even though ten-
sile strength coupons tests performed at Heet Casting Company sugst other-
wise. The average fracture toughness of all tests was 15.05 ksi Vin. (16.6
MPa. VT).

5. Critical Flaw Size Analysis

The critical flaw size of any component is primarily dependent
upon three factors: (a) operating stress, (b) the component materials fracture
toughness, KIC, and (c) section thickness. In the case of the RV control ring,

the maximum operating stress has been demonstrated to be 8.9 ksi (61.4 MPa),
occurring at the inner flange section of the RV ring [1]. The fracture tough-
ness of the RV control ring (A356-T6 aluminum) has been shown to be 15.05 ksi
.An (16.6.MPa. /-M). Since primarily surface type casting flaws were found
in the low elongation tensile bars from Hemet Casting Company (see paragraph
III.E.2), a fracture mechanics solution for a surface flaw loaded in tension
[31 was used to calculate the critical flaw size. Therefore,

K1  - .1v v7r

where, v - Operating Stress
a Crack Depth
Q - Flaw Shape Parameter *

* Assume Q - 1.45 for a/2c - 0.250 and v'/v-ys - 0.30.

(2c- crack length) [3].

Applying this solution to the RV control ring;

15.05 ksi ViT - 1.1 (8.9 ksi) / a/1.45

1.54 Vi7 - / a/1.45

1.09 in. - a ; 2c - 4.36 in.

Thus, a surface flaw 1.09 in. (27.7 mm) deep and 4.36 in. (110.7 M) long
would have to be present to cause fracture of the RV control ring. This flaw
size is considered to be conservative since: (1) the operating temperature at
maximum stress (reentry) is approximately 300 *F (149 *C), and (2) plane stress
conditions (not plain strain) will primarily influence fracture behavior. For
plane strain conditions to exist, the calculated minimum required section
thickness would be 0.531 in. (13.5 ma), (4). The nominal thickness of the

8
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Figure 5. Typical fracture toughness specimen
used in this analysis (2.5X).

Figure 6. Photograph of fracture surface of typical fracture
toughness specimen. Note fatigue pre-crack zone
(1) and flat, fast fracture zone (2) (I.IX).
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TABLE 3. Fracture Toughness Tests.

RV CONTROL RING SN 10253

SPECIMEN K , KSI • v"1  (MPa VIF)
Sample THICKNESS, in. (mm) IC

1 1.000 (25.4) 15.3 (16.8)
2 0.916 (23.3) 15.5 (17.0)
3 0.945 (24.0) 14.5 (16.0)
4 0.956 (24.3) 14.7 (16.2)
5 1.001 (25.4) 14.6 (16.1)
6 0.950 (24.1) 15.1 (16.6)

Average K 15.0 (16.5)
IC

RV CONTROL RING SN 60428

SPECIMEN K , KSI . -/ii (MPa . s/F)
Sample THICKNESS, in. (mm) IC

1 0.905 (23.0) 14.5 (16.0)
2 0.904 (23.0) 15.4 (16.9)
3 0.902 (22.9) 14.5 (16.0)
4 0.904 (23.0) 17.4 (19.1)
5 0.902 (22.9) 14.8 (16.3)
6 0.897 (22.8) 15.6 (17.2)
7 0.905 (23.0) 13.8 (15.2)
8 0.888 (22.6) 14.8 (16.3)

Average K = 15.1 (16.6)
IC

Test Procedure per ASTM E 399
Loading Rate - 75 KSI .4Wi-n./min (517.1 MPa .4 ./ i7 )
Nominal Fatigue Pre-crack - 0.525 in. (13.3 mm)
Material: A356-T6 Aluminum



inner flange wall is 0.120 in. (3.05 mm). Since required radiographic inspec-
tion [5] of the RV control ring can detect flaws as small as 0.10 in. (2.54 mm),
it is very unlikely that a critical size flaw would be present in any RV control
rings.

B. Microstructural Examination - RV Control Rings

Microstructural examination was performed on the web section and
jet vane port sections of both RV control rings, Figure 2. A common A356-T6
aluminum microstructure consisting of a eutectic silicon phase in an aluminum
matrix was found in both RV control rings. However, the thinner web sections
had finer, less angular eutectic silicon particles than did the thicker jet
vane port sections as shown in Figures 7 and 8. It is believed that this is
caused by different solidification rates which these sections experienced dur-
ing cooling from the initial pouring of the casting. Thus, the thinner sec-
tions cool faster resulting in a finer network of eutectic silicon particles.

Hardness testing was performed using standard Rockwell hardness test
equipment. Hardness data was very similar for both RV control rings; both
castings had a hardness range of HRF 83-87. Additionally, the measured con-
ductivity for these RV rings ranged from 38-39 percent IACS, indicating the
required T6 temper for this alloy.

C. Fractography - RV Control Rings

Fractographic examination of tensile samples and fracture toughness
samples was performed using a scanning electron microscope. The fracture
features of tensile overload and fatigue for these A356-T6 samples were very
similar, Figures 9 and 10. In both tensile overload and fatigue, it is be-
lieved that crack growth aligns itself with the brittle eutectic silicon phase
following the cast dendritic networks in the microstructure. This would offer
fatigue crack growth and tensile overload fracture the least path of resist-
ance, resulting in very similar fracture features. Only in a few isolated
areas of the fatigue zone was there clear evidence of fatigue striations,
Figure 11. Fractographic examination of samples from the two RV control rings
yielded no significant differences.

D. Chemical Analysis - RV Control Rings

The RV control rings are required to be fabricated from A356 alumi-
num casting alloy per MIL-A-21180. Chemical composition of both RV control
rings was determined by emission spectrograph and x-ray florescence methods.
No chemical composition anamolies were noted in either RV ring. Results of
the chemical analysis are shown in Table 4.

12.
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Figure 7. Typical microstructure found in the jet vane port section of each
RV control ring. Note the size and shape of the eutectic
silicon phase. Keller's ETCH (IOOX).

tw

Figure 8. Typical microstructure found in the web section of each RV control
ring. Compare with Figure 7 (IOOX).

13



Figure 9. Typical fracture morphology in fatigue zone of fracture toughness
samples. Fatigue cracking has occurred along favorably
oriented eutectic silicon particles (10OX).

Figure 10. Typical fracture morphology of tensile overload. This was found
in tensile test samples and the fast fracture zone of fracture
toughness specimens. Compare with Figure 9 (1O0X).

14



TABLE 4. Chemical Analysis RV Control Rings.

Ring Ring

Element SN 10253 SN 60428 MIL-A-21180

Silicon, % 6.85 7.0 6.5 - 7.5

Magnesium, % 0.28 0.30 0.25 - 0.45

Iron, % 0.04 0.03 0.20 Max

Copper, % < 0.2 < 0.2 0.20 Max

Zinc, % < 0.1 < 0.1 0.10 Max

Manganese 2 < 0.1 < 0.1 0.10 Max

Aluminum, % balance balance balance

E. Analysis of Hemet Tensile Coupons

At this point, it is obvious that the two examined RV control rings
are equivalent with respect to tensile properties, percent elongation, frac-
ture toughness, chemical composition, and microstructure. Though the Hemet
tensile coupon test for RV control ring SN 10253 resulted in tensile proper-
ties of 33.7 ksi (232 MPa) ultimate, 29.3 ksi (202 MPa) yield, and 2.5 percent
elongation, tensile samples cut from the actual casting resulted in the aver-
age tensile properties of 36.9 ksi (254 MPa) ultimate, 31.9 (220 MPa) yield,
and 5.4 percent elongation. To determine the major cause of this anamoly, an
analysis was performed on 179 broken Hemet Casting Company tensile coupons
which had been used for mechanical property determination of RV control rings.
All tensile coupons had a gage length of 1 inch.

1. Classification of Hemet Test Coupons

All tensile coupons were classified according to the measured
percent elongation. This was done by using the standard procedure of mating
the tensile break surfaces together and measuring the elongation between the
gage marks. After this was done, 40 samples were selected to represent two
groups (20 per group): Group 1 had less than 5 percent measured elongation,
and Group 2 had 5 percent or greater measured percent elongation. Of the 179
tensile coupons, 34 tensile coupons had less than 5 percent elongation, with 9
of these 34 having less than 2.5 percent elongation. All 9 tensile coupons
with less than 2.5 percent elongation were included in Group 1. All other
samples for Group 1 and Group 2 were randomly selected. Fractography, metal-
lography, and chemical analysis were performed to characterize the fracture
features, microstructures, and chemical composition of these tensile coupons.

15



2. Fractography of Hemet Test Coupons

Fractographic examination of the 40 tensile breaks revealed a dis-
tinct difference in the fracture features between the two groups of samples.
In Group 1, sixteen of twenty tensile breaks had smooth, irregular fracture
areas which are believed to be casting flaws (Figures 12, 13, and 14). As
shown in Figures 12 and 13, these casting flaws tend to locate themselves on
the outer perimeter of the sample though several areas were found where they
were located well within the sample midsection. Using a polar planimeter, the
percentage of surface area of these casting flaws were measured from the frac-
tographs of the sixteen samples of Group 1. This percentage of surface area
flaw ranged from 2.72 percent to 30 percent of the total fracture surface. In
two Group 1 samples, casting flaws composed 30 percent of the total fracture
surface area of each sample. The measured elongations for these same two
samples were 0.8 percent and 1.1 percent.

In contrast, Group 2 had no evidence of these casting flaws on the
fracture surface. Omitting the casting flaws, the fracture features of Group
1 and Group 2 were similar, though a more coarse fracture morphology was
generally found in Group 1 specimens (Figures 15 and 16). A normal amount of
microporosity was found in all samples in both groups (Figure 17).

3. Metallography of Hemet Test Coupons

Microstructural analysis was performed on Group 1 samples having
the observed casting flaws on the fracture surface. A very dense and loca-
lized segregation of the eutectic silicon phase was found in most samples
(Figures 18 and 19). Such a dense concentration of eutectic silicon in a
very localized area of the tensile coupon will result in poor mechanical
properties, in particular, elongation. Crack propagation during fracture
in A356-T6 aluminum will primarily follow the brittle eutectic silicon
particles. Therefore, the greater the segregation of eutectic silicon, the
more likely brittle fracture will occur as a result of lower mechanical
properties.

No areas of localized segregated eutectic silicon were found in any
samples of Group 2. However, some samples in Group 2 did display a lesser
breakup and spheroidization of eutectic silicon than would be desired for
optimum mechanical properties (Figure 20). Better mechanical properties and
ductility will normally be obtained if the eutectic silicon phase is broken
into smaller particles, i.e., spheroidized. This is accomplished by an ade-
quate solution heat treatment, i.e., by using the proper temperature and time.
Note the degree of spheroidized eutectic silicon phase found in a 10 percent
elongation sample (Figure 21). Though other factors such as chemical impuri-
ties may influence spheroidization, proper solution heat treatment is usually
the most important.

Noting the degree of segregated eutectic silicon found in Group
1, proper solution heat treatment would probably not correct this problem
since the local density of the eutectic silicon is so high, and the eutectic
silicon is already somewhat spheroidized. It is believed this problem was
caused by an inadequate casting practice such as inadequate mix of alloys,
slow solidification rate, or poor melting and pouring techniques.

16



Figure 11. Stairstep type fatigue striations found in fatigue
zone of fracture toughness specimen (620X).

Figure 12. Macrograph of tensile coupon fracture showing
extensive casting flaws (11.5X).
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Figure 13. Scanning electron micrograph of typical casting flaws.

Note the distinct irregular appearance (28X).

a

Figure 14. High magnification SEM photograph of casting flaw

showing uneven ridges which are believed to be

the tips of dendrite tree networks (500X).

18



Figure 15. Typical Group 1 fracture surface away from casting
flaws. Compare with Figure 16 (300X).

Figure 16. Typical Group 2 fracture surface. Fracture morphology is
generally less coarse than that in Group 1 (300X).

19
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Figure 17. Typical microporosity which was found in all examined
samples of Group 1 and Group 2 (!OX).

Figure 18. Polished and etched cross section of a Group 1 tensile
coupon. Note the dense network of eutectic silicon
and dendrites at the break.

20
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Figure 19. Magnified view of Figure 18 showing fracture occurring along
the network of segregated eutectic silicon (35X).

Figure 20. Microstructure of Group 2 tensile coupon having 6 percent
elongation. Compare to Figure 21 (lOOX).
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Figure 21. Microstructure of Group 2 tensile coupon with 10 percent
elongation. Compare to Figure 20 (1OOX).
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4. Chemical Analysis - Hemet Test Coupons

Chemical analysis of the tensile coupons in Group 1 and Group 2 was
performed using emission spectrograph and x-ray florescence methods. No chem-
ical composition anamolies were found. Results are shown in Table 5.

TABLE 5. Chemical Analysis RV Control Rings.

Element Group I Group 2 MIL-A-21180

Silicon, Z 6.95 6.87 6.5 - 7.5

Magnesium, Z 0.30 0.28 0.25 - 0.45

Aluminum * balance balance balance

* Note: All other chemical composition requirements of MIL-A-21180 were
satisfied.
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IV. CONCLUSIONS

The following conclusions are drawn from this analysis:

A. The fracture toughness of A356-T6 aluminiua used in RV control rings

is 15.05 ksi V'Th (16.6 MPa. V

B. IV control rings SN 10253 and SN 60428 have equivalent mechanical
properties, fracture toughness, aicrostructure, chemistry, and elongation.
The reported elongation and tensile property data from Hemet Casting Company
for RV ring SN 10253 is erroneous.

C. Casting flaws (eutectic silicon segregation) are believed to be the
major cause of low percent elongation found in Hemet tensile test coupons.

D. It is likely that casting flaws within Hemet tensile coupons have

caused inaccurate (low) mechanical property characterization of RV control
rings.

E. Ductility, as measured by percent elongation, is an important mate-
rial characteristic and should not be ignored. It has proven to indicate the
existance of brittle casting flaws in tensile coupons.

V. UECOMMNDATIONS

The following recommndations are made regarding the RV control rings:

&. Hemt Casting Company should insure that future cast tensile coupons
represent the true properties of the RV control rings.

B. It is strongly recommended that future RV control rings, as well as

all other PII casting components, having reported below specification elonga-
tion or tensile/yield strength properties, be disqualified and replaced, by
the contractor, with components having proper mechanical properties.
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